We propose a tunable microwave device consisting of a Gunn diode with time-delay feedback, which will emit chaotic microwaves. The wavelength is controlled by two incident laser beams which trigger moving multiple Gunn domains. Predicted phenomena include the coexistence of stationary and chaotic states, complicated hysteresis loops, and persistent bistabiliy. This device is potentially useful for applications such as secure microwave communications, memory devices and those involving photorefractive effects.
Bistable dynamical systems with a time-delay feedback have been discovered in many disciplines. Most such investigations in physics focus on optical, electrical and electrooptic systems. 1, 2) The behavior of such systems depends crucially on the response time of the nonlinear system and the time delay T of the feedback loop. When T ) , in most cases bistability does not exist, but chaotic output may still be observed. When ! T, the region of most current research interest, complex dynamics and bistability are found. Recently, Goedgebuer et al.
3) considered a tunable laser diode with feedback, which can generate chaos useful for secure communications. In their study, T ) and the contribution from the system's response is neglected. In this paper, we propose a new electrooptic system which displays multistability and highdimensional chaos when T ) . The dynamical system we consider is a microwave device (Gunn diode) stimulated by two incident laser beams. Both the Gunn diode and the laser beams are connected with electric circuit feedback. The system exhibits many interesting nonlinear features (see below) and is potentially useful for applications such as secure microwave communications, memory devices and those involving photorefractive effects.
The physical basis for the Gunn diode has been well known for decades. The main feature of this phenomenon is that the current is associated with the formation of a highfield domain, 4, 5) which creates a current oscillation. In recent years, many interesting nonlinear behaviors of the Gunn effect have been studied; [6] [7] [8] [9] some authors showed that optical waves can excite multiple Gunn-domain formation in deep-impurity-doped GaAs 7, 9) and semi-insulating GaAs. 8) Due to the strong electric field in a Gunn domain, the refractive index of GaAs is changed via second-order optical nonlinearity, i.e., Pockel's effect. 10) Therefore, they predicted a new nonlinear optical effect in semiconductors. In this paper, we consider a moving multiple Gunn-domain in a shallow-impurity-doped GaAs generated by external optical waves with a feedback control. The interesting results in this system include the transition from monostability to multistability, complicated hysteresis loops, persistent bistability, and chaos, which have potential applications in secure microwave communications, memory cells and other areas.
It is worth pointing out that the variation of the refractive index in the sample considered by us can be strongly enhanced by time-delay feedback and is independent of the applied bias and number of free electrons. In the following, we give detailed descriptions of the physical mechanism for multiple Gunn-domains triggered by two incident laser beams in n-GaAs, the feedback loop to control the incident angle of the laser beams, and the equation of the electric circuit.
Multiple Gunn-domains triggered by optical wavesTwo optical waves are incident on a biased shallowimpurity-doped GaAs as shown in Fig. 1 . Taking the light energy just above the band gap of GaAs (1.42 eV), we can generate electron-hole pairs by optical excitation. The intensity Iðx; tÞ of the mixing waves moving through the nGaAs is given by Iðx; tÞ ¼ I 0 ½1 þ m cosðKx þ tÞ, where is the frequency difference of the two optical waves, K ¼ 2=Ã the interference wave number, Ã the grating period, m the modulation depth of the interference grating, and I 0 the average intensity. The generation-recombination processes include complete thermal ionization of donors, generation of electron-hole pairs by the optical waves at rate g, and recombination of electron-hole pairs with rate . The dynamical equations include the Gauss law, the continuity equations of electrons and holes, and the circuit equation
where n, p, N Ã D , L, V, and E are, respectively, the free electron density, the free hole density, the effective donor concentration, the sample length, the applied bias, and the electric field. D n and D p denote, respectively, the diffusion coefficients of electron and hole; p and vðEÞ are the hole mobility and the electron drift velocity, respectively. Due to the band structure of GaAs, we know that vðEÞ displays Nshaped negative differential mobility (NDM).
We use a Fourier series to solve eqs. (1)- (4) with complete basis functions fe ilðKxþtÞ g, where jlj is a positive integer, chosen based on the moving interference pattern of Iðx; tÞ. Therefore, the solutions of eqs. (1)- (4) can be described as follows,
where
Note that the hole density pðx; tÞ in eq. (7) can be expressed in terms of the electric field Eðx; tÞ and electron density nðx; tÞ via the relation in eq. (1). Furthermore, eqs. (5)- (8) converge when the modulation depth m is much smaller than 1. Then we can generate the solutions of eqs. (1)- (4) in order.
The zero-order solutions (E 0 , n 0 , and p 0 ) of eqs. (1)-(4) are independent of space and time, thus it is straightforward to determine
For simplicity, from now on we consider the case when the free electrons are mostly from the donor impurities and the average intensity I 0 is very small so that n 0 % N Ã D . The first-order solutions (E 1 , n 1 , and p 1 ) can be obtained by substituting the expansions of eqs. (5)- (8) into eqs. (1)- (4):
The solutions E 1 and n 1 can be divided into E 1;s þ E 1;t and n 1;s þ n 1;t , respectively. The indices s and t denote steadystate and time-dependent solutions, respectively. The steadystate solutions are
The E 1;t and n 1;t have time dependence $e " t , where 
where c 1 and c 2 are constants. The first term on the right hand side of eq. (13) shows the space-charge field induced by the optical-wave mixing, which has the same phase velocity as the moving interference pattern. The second term has phase velocity p E 0 , but vanishes as t ! 1. The third term demonstrates the multiple Gunn-domain formation when Àð
0 < 0), the domain velocity is v 0 , and the distance between adjacent domains is Ã ¼ K=2. Since n 0 % N Ã D , the space-charge field can be neglected. Therefore, the underlying physics in eq. (13) is that the external laser beams will create a periodic domain train with wave number K, but the domain train still sustains the drift velocity v 0 (i.e., bulk property), which is not influenced by the phase velocity =K of the interference pattern.
11) These kinds of results are in complete agreement with the so-called ''light-triggered Gunn-domain structure'' by the numerical works of Subačius et al. 8) Therefore, the interference pattern will control the wavelength of the microwaves which is equal to Multistability and Chaos in the Proposed Experimental Setup- Figure 1 shows the proposed experimental apparatus. The feedback loop consists of a pair of waveguides Wg, a phase shifter whose fast and slow axes are at 45 to a pair of crossed polarizers P, a detector D e , i.e., planar-doped barrier diode, with a time response $ 10 ns, a delay line with retardation time T $ 1 ms, and a pair of acoustooptic scanners S to tune the incident angle of the laser beams. The microwave radiation power P m from n-GaAs can be expressed as 12) where E rf and R correspond to the rf field and resistance in the semiconductor, respectively. P m is collected by a Wg and modulated by a phase shifter. The phase shifter induces the nonlinear power function P m sin 2 ðD=Þ detected by D e with a gain 1 , where D is the length of the phase shifter. The purpose of D e is to convert the nonlinear power into an electric current iðtÞ. The current is then retarded by a delay line and enhanced by an amplifier with a gain 2 , then it drives S, tuning the incident angle of the laser beams. If the variation of is linearly proportional to i with a ratio a, it is easy to get the relation between ðtÞ and iðtÞ: ðtÞ ¼ 0 þ AiðtÞ, where A a 0 tan 0 and 0 is the initial wavelength due to the initial incident angle 0 . Therefore, the circuit equation for the experimental apparatus is dðtÞ dt
Since T ) , the differential term in eq. (14) can be neglected. Then eq. (14) can be treated as a difference equation. For convenience of analysis, we make the difference equation dimensionless
where n = 0 ! n , ¼ a (15) indicates that ðtÞ is kept at a fixed value in each time interval between ðn À 1ÞT and nT. Therefore, the wavelength ðtÞ and output power P m ðtÞ will show square-wave behavior. There are two important parameters in eq. (15), D= 0 and . The experimental process for tuning these two parameters can be understood as follows. Selecting an arbitrary 0 to create initial wavelength 0 , then D= 0 is determined by 0 , since D is fixed in the experiment. When t is larger than T, the feedback loop begins to work. We only need to tune the gain of the amplifier in the experiment to effectively change the value in eq. (15). Therefore, D= 0 and in eq. (15) correspond to 0 and 2 in the experiment, respectively.
In Fig. 2 , we show various bifurcation diagrams of n vs at different values of D= 0 . The transition from monostability to bistability is illustrated in Figs. 2(a)-2(c) . The interesting phenomenon in the bistable regime is that persistent bistability can be observed when D= 0 reaches 1 [ Fig. 2(c) ]. This means that there is no discontinuous transition (i.e., nonhysteretic loop) between these two states when the value is slowly increased. The most important use of persistent bistability is that the variation of the refractive index in n-GaAs can be strongly enhanced. In the lower state, the value is the same as the initial wavelength without feedback control. In the higher state, there is a longer distance between the adjacent high-field domains in n-GaAs. Thus, the maximum value of the electric field in the high-field domain in the higher state is larger than that in the lower state. Therefore, according to Pockel's effect, there is a larger variation of refractive index in the higher state. This change in refractive index is due to the nonlinear feedback loop; both the free-electron density and the applied bias are kept constant here.
When we increase D= 0 to 1.4 [ Fig. 2(d) ], we find the period-doubling route to chaos occurs in the lower state and the higher state sustains a stationary response. The transition from the lower state to the higher state is due to the transient chaos when exceeds the critical value 0.796. Although our system is investigated in the T ) regime, Figs. 2(b) and 
2(d)
show results very similar tothe famous work by Gibbs et al. 13) which proves the Ikeda instability in optical systems. In Fig. 2(e) , we show that tristable states can exist in our system. The characteristics of Fig. 2(e) include a middle state exhibiting period-doubling cascades, lower and upper states with stationary output, and two closed hysteresis loops between lower and middle states or between upper and middle states. When D= 0 is increased to 3.80 [ Fig.  2(f)] ,there are four different states, where one lower and two middle states show chaotic behaviors with different properties. For the two middle states, the route to chaos is via period-doubling cascades. For the lower state, besides the period-doubling route, a chaotic band suddenly widened by successive interior crises is also observed. A detailed discussion of such sudden changes of chaotic orbits is given in ref. 14. It is noted that the square-wave behavior of wavelength can't be maintained with the chaotic output. This is because the chaos is sensitive to the initial condition. Thus, the small contribution of d=dt will affect the squarewave behavior. However, if the time evolution of wavelength is periodic, then the influence of d=dt is tiny. This conclusion is tested and verified by our numerical simulations. A similar process was also used in ref. 3 in which there is excellent agreement between theory and experiment.
In the present Letter, our results are based on the consideration of =T ¼ 0. However =T are finite values in actuality, e.g., =T ¼ 10 À5 in our case. Therefore we want to have more discussions about the dynamical changes when =T is increased from small to large values. For example, in the step-like period-2 case, =T is small. When =T is increased to appropriate values, the harmonic oscillations of ðtÞ will appear. As for large =T, the stationary wavelength will be observed. Therefore we conclude that the oscillatory instability in ðtÞ partially arises from =T values. If we reconsider the oscillatory phenomena (including periodic and chaotic behaviors) in Fig. 2 by the consideration of =T with large values, it is possible to find that these oscillatory behaviors will be replaced by the stationary response. In other words, multistability among different stationary states will show up. Besides, the variability of ðtÞ (i.e., the difference between maximum and minimum values of wavelength) also depends on =T. For example, the variability for stationary wavelength is equal to zero but for oscillating wavelength the variability increases by decreasing =T values. Therefore some discontinuous transitions among the different dynamical states in Fig. 2 may vanish when =T is small enough. For simplicity, we use the difference equation (15) to demonstrate the possible dynamics in the present manuscript.
In summary, we have studied moving multiple Gunndomains in n-GaAs generated by external optical waves with a nonlinear feedback control.There are many interesting results and useful applications of this system including photorefractive effects enhanced by the feedback loop, secure microwave communication via chaos, Ikeda instability in microwave systems, and multistability used as a memory cell. To our knowledge, these applications of the Gunn effect are new, and present many interesting possibilities for future research.
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